Chemotherapy of human sleeping sickness, a fatal disease caused by the protozoan parasite Trypanosoma brucei, is in a dismal state, and the identification and characterization of new drug targets is an urgent prerequisite for an improvement of the dramatic situation in the field. Over the last several years, inhibitors of cyclic nucleotidespecific phosphodiesterases have proven to be highly successful drug candidates for an assortment of clinical conditions. Their potential as antiparasitic drugs has not been explored so far. This study reports the characterization of a cAMP-specific phosphodiesterase from T. brucei, TbPDE2C. This enzyme is a class I phosphodiesterase, and it is a member of a small enzyme family in T. brucei, TbPDE2. Inhibitors of this enzyme block the proliferation of bloodstream form trypanosomes in culture. RNA interference experiments demonstrated that the TbPDE2 family, and in particular TbPDE2C, are essential for maintaining intracellular cAMP concentrations within a physiological range. Bloodstream form trypanosomes are exquisitely sensitive to elevated concentrations of intracellular cAMP, and a disruption of TbPDE2C function quickly leads to the disruption of nuclear and cellular cell division, and to cell death. TbPDE2C might represent a novel drug target for the development of new and effective trypanocidal drugs.
C
yclic nucleotide-specific phosphodiesterases (PDEs) are key regulators of cAMP signaling pathways by controlling the spatial and temporal shapes of cyclic nucleotide signals as well as the steady-state levels of intracellular cAMP (1) (2) (3) . PDEs are cogently involved in a large variety of physiological processes, such as the control of metabolic activities, cell aggregation or quorum sensing in unicellular organisms, or the modulation of the immune response, insulin secretion, aldosterone production, vascular resistance, inflammation, reproduction, olfaction, and vision in metazoa. Genetic defects in some of the PDE genes lead to hereditary disease in humans and other mammals (4) (5) (6) .
In eukaryotes, the PDEs represent a large and diverse group of enzymes. Two classes of eukaryotic PDEs have been identified (7, 8) : Class I includes all currently known families of mammalian PDEs (see below), as well as a number of PDEs from lower eukaryotes, such as PDE2 from the yeast Saccharomyces cerevisiae or the product of the regA gene of Dictyostelium discoideum. Class II PDEs show little sequence similarity to class I enzymes, usually have a much higher K m , and are represented by genes identified in S. cerevisiae, Candida albicans, or D. discoideum.
In mammals, 11 distinct class I PDE families have been identified so far based on DNA sequence analysis and on their biochemical and pharmacological characteristics (9, 10) . At the amino acid level, family members exhibit Ͼ50% sequence identity within a conserved catalytic domain of about 250 aa length. Between families, the sequence identity drops to 30-40% in the same region (11) . Family members also share extensive similarity in regions outside the catalytic domain, whereas no significant similarity can be detected between these regions of members of different families.
In clinical pharmacology, the PDEs have become highly attractive targets for drug development over the last few years. A growing number of highly family-specific inhibitors were developed, despite considerable sequence homology between the catalytic domains of the different PDE families. PDE inhibitors are under exploration, or already in clinical use, as therapeutic agents for diseases ranging from autoimmune disease (12) , arthritis (13) , asthma (14) , and inflammatory diseases (15) to impotency (16) and cancer (17) . The ongoing development of new and ever more subtype-specific inhibitors holds great promise for achieving more potent and specific drug action with fewer side effects, as well as for discovering new areas of application for PDE inhibitors.
Although PDE inhibitors have met with considerable success in many clinical applications, their potential as anti-parasitic drugs remains to be established. In view of the current deplorable state of human sleeping sickness chemotherapy (18, 19) , in which the protozoan parasite Trypanosoma brucei can cause a fatal infection of the central nervous system, the identification of new potential drug targets in trypanosomes is necessary and urgent. Drug targets that are already being exploited successfully in other organisms, such as the PDEs in humans, are of particular interest in this context.
The role of PDEs in the cell biology of Trypanosoma brucei still remains largely unexplored (20) . A first PDE from T. brucei was recently identified by complementation screening in yeast and was shown to represent a class I PDE with an unusually high K m for its specific substrate, cAMP (TbPDE1; (S. Kunz, T. Kloeckner, B. Bieger, L. O. Essen, T.S., and M. Boshart, unpublished results). This enzyme is not essential for the proliferation of T. brucei in culture, nor for the infection of its natural vector, the tsetse fly (21) The current study describes the identification of a previously undocumented member of the TbPDE2 family, TbPDE2C, and demonstrates that this family, and in particular its member TbPDE2C, are essential for bloodstream trypanosome proliferation. RNA interference experiments demonstrated that the inactivation of TbPDE2 reduces total PDE activity, increases intracellular cAMP and is lethal to bloodstream trypanosomes. The data presented validate the TbPDE2 family, and in particular TbPDE2C, as potential drug targets and indicate that PDE inhibitors might be useful for anti-protozoal chemotherapy.
Soderling, and I. A. Beovo, personal communication; AF192755), and TbPDE2C (this study), as well as a region that is fully conserved between the catalytic regions of all TbPDE2 family members, were amplified by PCR from T. brucei 427 genomic DNA, using different sets of primers containing XhoI and HindIII linkers. The PCR fragments were cloned into pGEM-T-Easy (Promega), verified by sequencing, and ligated into the XhoI and HindIII sites of the RNA interference (RNAi) vector pZJM (23) .
Trypanosome Growth and Transformation. The procyclic RNAi host strain 29-13 (24) was grown in SDM-79 (25) supplemented with 15% FCS in the presence of G418 (15 g͞ml) and hygromycin (50 g͞ml) to maintain the integrated genes for T7 RNA polymerase and tetracycline repressor, respectively. Monomorphic bloodstream forms of strain 221 (MITat 1.2) and the corresponding RNAi host strain 13-90 (23) were cultivated as described by Hesse et al. (26) . Strain 13-90 was cultured in the presence of G418 (1.0 g͞ml) and hygromycin (1.0 g͞ml) to maintain the integrated genes for T7 RNA polymerase and tetracycline repressor, respectively.
For stable transfection of the procyclic host strain 29-13 and the bloodstream host strain 13-90 (23) via integration into an rDNA spacer region, the RNAi constructs were linearized by NotI digestion. Transfectants were selected by using 2.5 g͞ml (for procyclics) or 1 g͞ml (for bloodstream forms) of phleomycin. RNAi was induced by adding 1 g͞ml tetracycline to the medium.
cAMP Determination. Intracellular cAMP concentrations were determined by using an enzyme-linked immunoassay kit (Biomol, Plymouth Meeting, PA) with 5 ϫ 10 6 procyclic trypanosomes before and after the induction of RNAi as described earlier (22) . Cultures were always harvested at similar cell densities (around 3.5 ϫ 10 6 ͞ml), all assays were done in triplicate, and at least two independent experiments using different batches of cells were performed.
Cytotoxicity Determination. Cytotoxicity of 8-bromo-cAMP and N 6 ,O 2Ј -dioctanoyl-cAMP was determined for bloodstream forms in culture by using alamarBlue (BioSource International, Camarillo, CA) as a metabolic indicator (27) . Exponentially growing bloodstream forms 221 (MiTat2.1) were seeded into microtiter wells (99 l͞well) containing 1.0 l of inhibitor or solvent control. Plates were incubated for 40 and 70 h at 37°C in a humidified atmosphere containing 5% CO 2 . At the end of the growth period, 10 l of alamarBlue was added per well, and the incubation was continued for another 3 h at 37°C. The plates were read on a SPECTRAmax Gemini fluorescence plate reader (Molecular Devices) using an excitation wavelength of 530 nm and an emission wavelength of 590 nm. Data analysis was performed by using the PRISM software package of GraphPad (San Diego). Assays were done in triplicate, and two independent experiments using different batches of cells were performed.
Phosphodiesterase Assay. Expression of TbPDE2C in S. cerevisiae and analysis of the activity of the recombinant enzyme were done exactly as described previously (22) . Total PDE activity in trypanosome lysates was determined as follows: 2 ϫ 10 7 parasites from exponentially growing cultures of similar cell densities were harvested and washed once in cold HHB buffer (Hanks' balanced salts, containing 50 mM Hepes, pH 7.5). The washed cell pellets were suspended in 500 l of cold HHB containing a protease inhibitor mixture (Complete, Roche Diagnostics) and were sonicated three times for 15 s in an ice bath (Soniprep 150, amplitude 6 m). After centrifugation in an Eppendorf 5415C centrifuge at 12,000 rpm for 15 min, glycerol was added to the resulting supernatants to a final concentration of 25% (vol͞vol), and lysates were stored at Ϫ70°C. PDE assays were done by using the ZnSO 4 ͞Ba(OH) 2 precipitation method of Schilling et al. (28) as described earlier (22) . All assays were carried out in triplicate and with three independent enzyme preparations.
RNA Extraction and Reverse Transcription (RT-PCR).
Total RNA was purified from 3 ϫ 10 7 parasites from the cultures with similar densities (StrataPrep Total RNA microprep kit; Stratagene). RNA was tested for the absence of genomic DNA by PCR analysis. Randomly primed cDNA synthesis was carried out with 5 g of total RNA in a final volume of 50 l (ProSTAR First-Strand RT-PCR Kit; Stratagene). One microliter of cDNA product was then used as a template in PCRs (1 time at 94°C for 1 min; 25 times at 94°C for 1 min, 60°C for 1 min, and 72°C for 1 min; and 1 time at 72°C for 5 min) to amplify the specific regions of different RNAs. The number of amplification cycles was adjusted so that the reactions were in the linear range. All reactions also contained primers for the simultaneous amplification of a 500 bp calmodulin gene fragment as an internal control and standard for quantification. The primers should not amplify the double-stranded RNAs produced by the various RNAi vectors. Quantification of the PCR products was performed by using METAMORPH software (Universal Imaging, Media, PA) using data from three independent RT-PCR experiments. The following primers were used: for TbPDE2A, 2A-FX: 5Ј-TACTCGAGATGTATGTGCACGACGTACG-CATGTTC-3Ј and Pde2.gen.rev: 5Ј-TTCAACCCCATATGAT-CAAGATCATGCACCAG-3Ј; for TbPDE2B, 2B-FRN: 5Ј-GAGCAACATGAAGCTCGACGAAG-3Ј and 2B-RRN: 5Ј-TGGTGATGATTCATCGAGTGCAG-3Ј; for TbPDE2C, 2C-FRN: 5Ј-CGTTTGCCATCACTGAAGCAATC-3Ј and 2C-RRN: 5Ј-ATCAATCAATGCTGCCGTGTCGT-3Ј; for TbPDE1, RNA1-f-a: 5Ј-GAGAGAGGATCCACCATGTTTGCCGTTA-CATC-3Ј and RNA1-r: 5Ј-GAGAGAGAATTCCTCTTCTCGC-TACAGTCCTC-3Ј; for the common catalytic domain of all TbPDE2 enzymes, PDE2-FRN: 5Ј-TTGTACAGGGGAAATGT-GTATGAGAAG-3Ј and PDE2ir-XhoI: 5Ј-GATACTCGAGTTC-CAGAACTCGCTCCCAC-3Ј; and for calmodulin, CMD5Ј: 5Ј-GAGAGTCGACCCATATGGCCGATCAACTCTCC-3Ј and CMD5Ј-r: 5Ј-TCTCAAGCTTGGATCCTATTTGCTCAT-CATCA-3Ј.
Microscopy. Cells were collected by low speed centrifugation, washed twice with PBS, and allowed to settle onto poly(L-lysine)-coated slides. They were fixed for 15 min with 4% paraformaldehyde-PBS-20% FCS. After fixation, the cells were washed three times in PBS containing 20% FCS and were permeabilized by incubation in the same solution containing 0.025% saponin for 10 min. After washing, the cells were embedded in mounting medium containing 1 g͞ml 4Ј,6-diamidino-2-phenylindole (DAPI; Vectashield; Vector Laboratories) and were visualized in a Leitz Laborlux fluorescence microscope equipped with a charge-coupled device (CCD) camera.
Results
Sequence Organization of TbPDE2C. The identification and characterization of two members of the TbPDE2 family have already been reported [TbPDE2A (22) ; TbPDE2B (A. Rascón, S. H. Soderling, and I. A. Beovo, personal communication]. Hybridization screening of genomic and cDNA libraries with a DNA probe representing the catalytic region of TbPDE2A revealed the presence of additional family members in the genome of T. brucei. One of these, TbPDE2C, was cloned and sequenced. The ORF of TbPDE2C is preceded by a 5Ј-untranslated region of 77 nucleotides length, as determined by the presence of a miniexon (29) at nucleotide Ϫ77. The ORF is predicted to code for a 930-aa protein with a calculated molecular weight of 103,694 (Fig. 1A) . Amino acids 234-379 and 407-552 represent GAF domains, ubiquitous conserved structures that are involved in binding low-molecular-weight ligands (30) . The catalytic domain is predicted to start around amino acid 580, with the highly conserved catalytic core region (31, 32) extending from Phe-645 to Phe-877. The amino acid sequence identity of this core of TbPDE2C with the corresponding regions of TbPDE2A and TbPDE2B is 91.8% and 99.6%, respectively, whereas sequence conservation with the corresponding regions of mammalian and other eukaryotic PDEs ranges from 30 to 40% (Fig. 1B) . The two GAF domains of TbPDE2C share 47.7% sequence identity. The N-terminal GAF-A is 94.4% identical with GAF-A of TbPDE2B (A. Rascón, S. H. Soderling, and I. A. Beovo, personal communication) and 53.4% identical with the single GAF domain of TbPDE2A (21) . GAF-B shares 97.3% sequence identity with GAF-B of TbPDE2B and 97.3% identity with the single GAF domain of TbPDE2A (22) .
Catalytic Properties of TbPDE2C. The biological activity of TbPDE2C was explored by functional complementation of a PDE-deficient S. cerevisiae strain (PP5-12; refs. 22 and 33). Full-length TbPDE2C and a full-length version of TbPDE2C containing a hemagglutinintag at its C terminus (-TyrProTyrAspTyrProAspTyrAlaGlyIleProMet-stop) were expressed from plasmid pLT1 (S. Kunz, T. Kloeckner, B. Bieger, L. O. Essen, T.S., and M. Boshart, unpublished results) under the control of a strong TEF2-promotor (34) . Restoration of the heat shock resistance phenotype was assessed (Fig. 1C) . Both untagged and C-terminally tagged TbPDE2C rendered the PP5-12 host cells heat-shock resistant. In addition, the flocculate growth of the PP5-12 mutant strain (S. Kunz, T. Kloeckner, B. Bieger, L. O. Essen, T.S., and M. Boshart, unpublished results) was restored to smooth growth in suspension culture by both constructs. These results established that TbPDE2C is enzymatically active in yeast, and that it represents a PDE that can use cAMP as its substrate.
Hemagglutinin-tagged TbPDE2C is completely stable under the conditions of yeast cell breakage and enzyme assay. Lysates from the yeast strain PP5-12 expressing untagged TbPDE2C were then used to characterize the catalytic activity and inhibitor profile of TbPDE2C. The results (Table 1) demonstrated that TbPDE2C exhibits characteristics that are similar to those described earlier for TbPDE2A (22) . This result was not unexpected, given the almost perfect sequence identity between the catalytic domains of TbPDE2A and TbPDE2C. TbPDE2C is a cAMP-specific PDE with a K m for cAMP of around 8 M. cGMP neither competes for cAMP as a substrate, nor does it modulate the activity of TbPDE2C. From a panel of inhibitors tested, trequinsin, dipyridamol, ethaverine, etazolate, and sildenafil were the most potent, with IC 50 s in the low micromolar range, whereas rolipram or IBMX exhibited IC 50 values of Ͼ500 M.
RNA Interference.
Earlier experiments had demonstrated that inhibitors of the TbPDE2 family raised the intracellular cAMP concentration and inhibited proliferation of bloodstream form trypanosomes in culture (22) . To genetically validate these results, attempts were made to construct genetic TbPDE2A knock-outs in bloodstream trypanosomes. Heterozygous knock-out clones were readily recovered. These cells looked completely normal and proliferated well as long as they were kept in continuous culture. However, none of the clones could be kept alive for more than a week after freezing and rethawing. Numerous attempts to delete the second allele of TbPDE2A always led to cells that survived the antibiotic selection, but invariably died after maximally 3 weeks. Microscopic inspection of DAPI-stained cells revealed that they were odd shaped and contained multiple nuclei. These observations suggested that TbPDE2A is an essential enzyme, and that it exhibits marked haploid insufficiency.
In view of the failure to produce TbPDE2A knock-outs, the biological significance of the TbPDE2 family was then investigated by using RNAi as an alternative strategy. A bloodstream and a procyclic cell line of T. brucei that express the tetracycline repressor and the bacterial T7 RNA polymerase (24) were generously provided by G. A. M. Cross (The Rockefeller University). The inactivating fragments for RNAi were inserted between the two opposing T7 promoters of the pZJM vector that are both regulated by tetracycline repressors (23) . The fragments were designed to specifically inactivate the individual mRNAs for either TbPDE2A, -B, or -C, or to simultaneously inactivate all TbPDE2 mRNAs. The family-member-specific fragments were derived from the 5Ј-ends of the ORFs where the three genes differ considerably in sequence. The RNAi probe for TbPDE2A corresponded to nucleotides 1-177 of its coding region (accession no. AF263280); the TbPDE2B-specific probe represented nucleotides 75-453 of its coding region (accession no. AF192755); and the TbPDE2C-specific probe corresponded to nucleotides 3-340 of its ORF. The pan-PDE2 RNAi probe designed to simultaneously inactivate all TbPDE2 mRNAs was directed against a highly conserved region of the catalytic domain of all three family members, represented by nucleotides 774-1432 of the ORF of TbPDE2A. A control construct was directed against a different PDE family, TbPDE1 (S. Kunz, T. Kloeckner, B. Bieger, L. O. Essen, T.S., and M. Boshart, unpublished results), by using nucleotides 165-673 of its ORF (accession no. AF253418) as an RNAi probe.
Transfection of the bloodstream form cell line 90-13 (24, 35) with RNAi constructs directed against either TbPDE2A or TbPDE2B resulted in cells that survived phleomycin selection and that grew for about 21-24 days after transfection, after which the invariably died. Microscopic inspection of the cells that survived the antibiotic selection showed that they all were odd-shaped and multinucleate, similarly to what had been observed with the homozygous TbPDE2A knock-outs. Transfection with constructs directed against TbPDE2C or against the common catalytic region of all three family members produced the same phenotype (Fig. 2D) , but the cells died even earlier, between days 10-13 after transfection. Again, all cells were odd shaped and multinucleated. This effect was manifest even without induction of RNAi by tetracycline, confirming earlier observations that the pZJM vector is somewhat leaky (35) . In the case of the TbPDE2 family, this low level of leakiness appears to be sufficient to produce a significant phenotype. When cells were transfected with control constructs, they always survived selection, proliferated indefinitely, and exhibited normal shapes and growth rates.
In contrast to the bloodstream forms, procyclic trypanosomes survived transformation with all RNAi constructs. In procyclic transformants, only a proportion of the cells (10-20%) were multinucleate, oversized, and͞or odd-shaped (Fig. 2 B1, B2, and C) . When production of double-stranded RNA was induced by tetracycline in such cultures, the proportion of aberrant cells doubled, although normally shaped cells always constituted the majority of the culture. Under both conditions, the cultures exhibited stable exponential growth, although their population doubling time was significantly increased (e.g., 10.4 Ϯ 0.06 h for the control 29-13 strain vs. 13.13 Ϯ 0.21 h without and 14.43 Ϯ 0.18 h with tetracycline induction of RNAi against TbPDE2C, respectively; Fig. 2E ).
The effectiveness of RNAi on mRNA levels in procyclic cells was analyzed by RT-PCR (Fig. 3 A and B) . In the absence of the inducer tetracycline, the target mRNAs were readily detectable by RT-PCR. After induction, the concentrations of the specific mRNAs were strongly diminished or dropped below detectability, except for TbPDE2A, where the mRNA level was reduced by only 40%. In cells expressing the pan-PDE2 construct, RT-PCR with a primer pair designed to amplify the mRNA fragments representing the catalytic domain of all three family members demonstrated their complete disappearance after induction (Fig. 3A, lanes 5-7) . Additional RT-PCR with primer pairs specific for the mRNAs of each family member further confirmed that the levels of all of them were similarly reduced. The disappearance of the target mRNAs after induction of RNAi was also reflected when whole procyclic cell lysates were assayed for total PDE activity (Fig. 3C) . Induction of RNAi against TbPDE1 did not cause a significant reduction of total PDE activity. This finding is in agreement with earlier experiments where the homozygous deletion of the TbPDE1 gene led to only a very slight reduction of total cellular PDE activity (21) . RNAi targeted individually against TbPDE2B or TbPDE2C each reduced the total PDE activity, whereas a construct directed against the entire TbPDE2 family led to a cumulative reduction of overall PDE activity. The RNAi construct directed against TbPDE2A produced no significant effect on overall PDE activity. This finding is in agreement with the observation that this construct only slightly reduces the corresponding mRNA level (Fig. 3A) . No significant differences were seen between the activities determined at 48 h or 120 h of induction, indicating that the turnover of PDE mRNAs and protein is essentially complete after 48 h and, secondly, that the effect of RNAi is stable for at least 120 h. This conclusion is supported by the RT-PCR analyses where very similar results were obtained at either 48 h or 120 h after induction. The residual PDE activity observed even after 120 h of RNAi against the entire TbPDE2 family is most likely due to TbPDE1 (about 15% of total PDE activity; ref. 21 ) and possibly to other PDEs that have recently been identified in T. brucei (S. Kunz and S. Templer, personal communication).
The effect of RNAi on intracellular cAMP levels after 48 h and 120 h of induction was determined in procyclic cells (Fig. 4A) . The intracellular cAMP level in control cells was 64 Ϯ 11 pmol͞10 trypanosomes (intracellular concentration Ϸ1 M), in agreement with the range of concentrations determined earlier in this and other laboratories (22, 36) . On induction of RNAi, the pattern of cAMP levels closely correlated to what was observed for total PDE activities. RNAi against either TbPDE1 or against TbPDE2A and -B did not significantly alter the level of intracellular cAMP, either with or without induction by tetracycline. In contrast, an increase in cAMP was detectable with RNAi against TbPDE2C even in the absence of induction. After induction by tetracyline, a strong additional increase in cAMP (about 15-fold over the uninduced level) was observed. Targeting the entire TbPDE2 family led to a further increase in cAMP to more than 30-fold the steady-state level of wild-type cells. Whereas the overall PDE activity showed no further decrease after 48 h (see Fig. 3C ), longer inductions led to a further increase in intracellular cAMP concentrations, consistent with a continuous accumulation of cAMP because of the activity of adenylyl cyclases in the absence of PDEs. These findings agree with the earlier observations that TbPDE2 inhibitors led to an increase in intracellular cAMP (22) , and they support the view that the TbPDE2 family, and particularly TbPDE2C, are essential for maintaining the intracellular cAMP levels in trypanosomes. -dioctanoyl-cAMP, respectively. When analyzed microscopically, the cells displayed the same odd shapes and multinuclear appearance as was seen with RNAi (see Fig. 2D ). The data demonstrate that bloodstream form trypanosomes are indeed exquisitely sensitive to the elevation of intracellular cAMP. This result is in agreement with earlier findings that inhibitors of the TbPDE2 family elevate intracellular cAMP and concomitantly inhibit the proliferation of bloodstream form trypanosomes (22) . The TbPDE2 family, and particularly TbPDE2C, apparently play a pivotal role in maintaining the steady-state level of intracellular cAMP in procyclic trypanosomes, and inactivation of these enzymes can be lethal for the parasite. (21) . The current study demonstrates that the TbPDE2 family, and particularly TbPDE2C, are essential for the proliferation of bloodstream form trypanosomes.
Eliminating the mRNAs of either individual family members or of the entire TbPDE2 family in procyclic trypanosomes generated cells that were able to proliferate, but where a sizeable proportion of the cells exhibited severely distorted shapes and were multinucleated. This phenotype was already seen in the absence of RNAi induction, confirming the reported low level of leakiness of the pZJM vector (35) . Induction of RNAi in these cells by tetracycline greatly increased the proportion of odd-shaped cells, although the majority of cells in these clonal populations still retained their normal shape. When the intracellular cAMP concentrations were determined, inactivation of TbPDE2C alone strongly increased the steady-state level of intracellular cAMP. This increase was even more marked when the entire TbPDE2 family was inactivated. The relative significance of the three family members analyzed could not be assessed unambiguously because their respective mRNAs were eliminated by RNAi with very different efficiencies. This marked difference was consistently observed and suggests a degree of sequence selectivity by the RNAi mechanism of T. brucei. The finding that elimination of the TbPDE2C mRNA alone produced a phenotype that was almost as strong as that produced by the elimination of the entire family indicated that TbPDE2C is probably the most important family member in procyclics, at least as far as the total PDE activity and the control of intracellular cAMP levels is concerned. The long-term increase in cAMP that results from the inactivation of the TbPDE2 family leads to a disruption of cytokinesis and cell division in many but not all of the cells of a given population. Such populations still exhibited exponential growth, although with increased population doubling times.
In contrast to the situation in procyclic forms, the members of the TbPDE2 family were found to be essential for bloodstream form trypanosome proliferation. Heterozygous knock-outs of TbPDE2A of bloodstream forms exhibit marked haploid insufficiency, and the failure to obtain homozygous knockouts that grew for more than 2 or 3 weeks demonstrated the importance of this enzyme for bloodstream form proliferation. Similarly, bloodstream form trypanosomes were extremely sensitive to the effect of RNAi, even without induction of double-strand RNA synthesis. This finding indicated that even the low levels of double-strand RNA that are produced in uninduced cells because of the slight leakiness of the repressor (35) are sufficient to generate a lethal phenotype. The absence of TbPDE2 activity could also be mimicked by membranepermeable cAMP analogs. The IC 50 s of these compounds corresponded to about a 10-fold level of physiological cAMP concentrations in trypanosomes. These results demonstrated that bloodstream form trypanosomes are exquisitely sensitive to an elevation of intracellular cAMP levels beyond a narrowly defined physiological level, and they indicate that the phenotype produced by inactivation of the TbPDE2 family is due to the elevation of intracellular cAMP. This sensitivity to increased cAMP levels is reminiscent of what has been reported in mammalian cells where excessive levels of cAMP can induce apoptosis and where cAMP is involved in the control of tumor cell proliferation (37) .
This study demonstrates that the TbPDE2 family, and particularly TbPDE2C, are essential for the proliferation of bloodstream form T. brucei. This finding demonstrates an essential role of cAMP signaling for the proliferation in a protozoal pathogen. The TbPDE2 family, and particularly TbPDE2C, may represent a promising target for the development of PDE inhibitors as a new generation of trypanocidal drugs.
